In this paper, we quantitatively investigate with atom probe tomography, the effect of temperature on the interfacial transition layer suboxide species due to the thermal oxidation of silicon. The chemistry at the interface was measured with atomic scale resolution, and the changes in chemistry and intermixing at the interface were identified on a nanometer scale. We find an increase of suboxide (SiOx) concentration relative to SiO 2 and increased oxygen ingress with elevated temperatures. Our experimental findings are in agreement with reactive force field molecular dynamics simulations. This work demonstrates the direct comparison between atom probe derived chemical profiles and atomistic-scale simulations for transitional interfacial layer of suboxides as a function of temperature. 1,2 For these applications, understanding the initial oxidation mechanism and characterizing the resulting suboxides is critical due to the influence of bond configuration and layer thickness on various properties of the material. 3 The alteration of bond-lengths of these suboxides modifies the phonon density of states, the electrical conductivity, and the dielectric relaxation. 4 In addition, Gibbs free energy calculations have shown that tetrahedral oxides are stable while suboxides are unstable, thereby affecting structural properties.
In this paper, we quantitatively investigate with atom probe tomography, the effect of temperature on the interfacial transition layer suboxide species due to the thermal oxidation of silicon. The chemistry at the interface was measured with atomic scale resolution, and the changes in chemistry and intermixing at the interface were identified on a nanometer scale. We find an increase of suboxide (SiOx) concentration relative to SiO 2 and increased oxygen ingress with elevated temperatures. Our experimental findings are in agreement with reactive force field molecular dynamics simulations. This work demonstrates the direct comparison between atom probe derived chemical profiles and atomistic-scale simulations for transitional interfacial layer of suboxides as a function of temperature. Thin silicon dioxide films play an important role in microelectronic applications such as metal-oxide-semiconductor field effect transistors (MOSFETs), solar cells, and optical fibers.
1,2 For these applications, understanding the initial oxidation mechanism and characterizing the resulting suboxides is critical due to the influence of bond configuration and layer thickness on various properties of the material. 3 The alteration of bond-lengths of these suboxides modifies the phonon density of states, the electrical conductivity, and the dielectric relaxation. 4 In addition, Gibbs free energy calculations have shown that tetrahedral oxides are stable while suboxides are unstable, thereby affecting structural properties. 5 Theoretical work has demonstrated that the suboxide species at the interface impact the electronic properties (band structures) and leakage currents. 6 Similarly, other theoretical models have shown variation of substoichiometry with temperature and the resulting optical phonon frequency shifts. 7, 8 A consistent model was previously established for describing the translational layer between the silicon and oxide layers during the film growth. 9, 10 Recently, a reactive molecular dynamic (MD) simulation studied the temperature dependence of hyperthermal oxidation of silicon and the corresponding atomic scale growth mechanisms. 11 However, there are no corresponding experimental reports at the same length scale due to lateral resolution and mass sensitivity requirements. The objective of the present work is to study the effect of processing conditions on the interfacial properties using in depth atomic scale characterization and, namely, atom probe tomography (APT).
To date, the experimental characterization of this interfacial layer has been studied using photoelectron spectroscopy, 3, [12] [13] [14] [15] [16] Medium Energy Ion Scattering Spectroscopy (MEIS) and Secondary Ion Mass Spectroscopy (SIMS), 9, 10 Rutherford Backscattering Spectroscopy (RBS), 17 Augur Electron Spectroscopy (AES), 18 and Fourier Transform Infrared Spectroscopy (FTIR). 8 However, few of these studies could detect the different suboxides and their distribution variation with temperature and oxide thickness. Table comparing all these different techniques used for detection of suboxides is provided in the supplementary material. APT offers superior depth and spatial resolution along with high chemical sensitivity and atomic scale quantitative depth profile information. While time-of-flight (TOF)-SIMS offers good chemical sensitivity compared to MEIS and higher depth resolution than XPS, the spatial imaging scale of 100 nm is still not sufficiently sensitive for quantitative analysis of advanced microelectronic devices, possible contamination, and sputter induced artifacts. [19] [20] [21] APT combines atomic imaging, field ion microscopy (FIM), and a TOF mass spectrometer to provide direct space three-dimensional, atomic-scale resolution images of materials with the chemical identities of all the detected atoms. 22 Given the depth resolution of one inter-planar atomic layer, APT provides the highest spatial resolution (0.2 nm achievable) and analytical sensitivity (10 atomic parts per million), which we require for characterizing suboxide interfaces. 23 The implementation of pulsed laser to atom probe has broadened the application of atom probe to study lower conducting materials and insulators including metal oxides. [23] [24] [25] There have been multiple studies on the role of preferential evaporation, evolving tip shape, trajectory aberrations, and the interaction of laser with the material on the reconstruction. [26] [27] [28] [29] [30] [31] [32] [33] [34] We follow a different approach here by studying the role of relative oxidation. As the APT experiments are performed under the same condition, the qualitative role of temperature on the oxidation mechanism is studied. The relative changes in oxidation, and particularly suboxides, due to temperature are then compared with simulations.
By utilizing the spatial and chemical resolution of APT, the chemistry at the interface is measured with atomic scale resolution, and changes in chemistry and intermixing over a few nanometer wide range at the interface is identified. This work demonstrates the first direct comparison between atom probe derived chemical profiles with atomistic-scale simulations to study the oxidation mechanism of silicon. From a methodology perspective, the qualitative agreement between experiment and simulation lays the foundation for using this approach to interpret fundamental mechanisms of materials behavior. In the present study, we investigate the relative changes of interfacial structural and compositional analysis as a function of temperature in silicon oxidation using APT and qualitatively compare with simulations.
The Si needles were oxidized using thermal deposition conditions at a pressure ranging from 1-4 Torr at two different temperatures of 383 K and 548 K. The atom probe measurements were achieved using a laser assisted Local Electrode Atom Probe (LEAP 3000 x-Si). The field evaporation from the atomic layer deposition coated silicon tips was performed using 532 nm-10 ps laser pulses with pulse energy of approximately 0.9-1.0 nJ and a repetition rate of 150 kHz.
The atomic Si oxidation was investigated by reactive MD simulations, employing the Reactive Force Field (ReaxFF). 34 ReaxFF accurately describes bond breaking and formation as well as the expansion of the Si crystal during the oxide formation process, in good agreement with both experimental and density functional theory (DFT) results. 11, [35] [36] [37] In this work, we use the force field parameters developed by Buehler et al. 38 The details of the force field parameters used are provided in the supplementary material. 39 Si(100) 11 reconstructed surface is chosen as the initial structure, with dimensions 21.7 Å Â 21.7 Å Â 27.1 Å . The structure is subsequently equilibrated at 300 K and 700 K using the Berendsen heat bath (NVT dynamics) 40 for 20 ps with a damping constant of 0.1 ps, and consequently relaxed in the microcanonical ensemble (NVE dynamics) for 10 ps.
The atom probe reconstructions of 3D images were generated focusing on the silicon substrate and oxygen interface at both temperatures. The tips having comparable geometry, and the same laser energy were applied, so any effects preferential evaporation or laser effect on relative measurements could be negligible. Figs. 1(a) and 1(b) show the atom probe reconstructed 3D images of the interfacial regions at 383 K and 548 K, respectively. Each sphere in these images is representative of each atom, with respective color code presented. The diffusion of oxygen into silicon is clearly seen at both temperatures. Also, it is observed that the diffusion of oxygen into silicon is greater at higher temperature (548 K) than at lower temperature (383 K) as shown in Fig. 1 with dashed lines representing the approximate width (nm) of inter-diffusion.
Further thorough analysis of the interfaces can be done by plotting proximity histograms. 41 A proximity histogram is a weighted superposition of concentration profiles plotted across an iso-concentration surface which is chosen as a reference surface. The proximity histograms are plotted across the silicon and silicon oxide interface by choosing an isoconcentration surface of silicon and are shown in Figs. 2(a) and 2(b) for both temperatures. From the figure, a region of inter-diffusion (i.e., interface (region II)) and two distinct regions consisting of bulk silicon (region I) and an oxide phase (region III) can be clearly seen at both temperatures. The interfacial width marked with dashed lines is in close approximation with Fig. 1 .
The formation of a thicker interface region at high temperature was also observed in the reactive molecular dynamic simulation work, which is attributed to the increased diffusivity of oxygen, allowing the deeper penetration of oxygen at higher temperatures which in turn slows down the conversion of the Si suboxide components. 11 Namely, due to the decreasing of interfacial stresses 42 in Region II, the mobility of oxygen atoms in the transition region increases. While the thickness of the transition region (Region II) is somewhat smaller in the simulation results, the ratio between the thicknesses at both investigated temperatures agrees quantitatively with the experimental result, at a ratio of about 1.3. While the temperatures are not in total quantitative agreement, our objective is to compare the qualitative findings, given the difference in time-scale between APT and ReaxFF (milliseconds vs. nanoseconds). Agreement between the experimental and simulation results can be seen, both with respect to the Si and O concentrations, as well as the thicknesses of the interface.
We chose temperatures of 300 K and 700 K in the simulations, which are slightly lower and higher than the experimental temperatures, respectively, in order to magnify the observed effects in the change of the transition region thickness in the simulations. This was done because the simulations are confined to the nanosecond time scale. On such short timescales, small differences, as in temperature, for example, are often difficult to observe and study. It is important to realize, however, that in both simulated cases, the oxygen species are not mobile yet in the interface, in agreement with experimental evidence. 43 Due to the intrinsic limitation on the time scale that can be reached in molecular dynamics simulations, diffusion in the oxidation process is very difficult to capture in these simulations. Experimentally, the diffusion takes place in the millisecond time scale, whereas the MD is limited to the nanosecond time scale. Therefore, the difference in thickness between simulation and experiment is due to the limitation in simulation time, and the observed agreement is qualitative.
Further analysis of the oxidation mechanism in terms of the various suboxide species that were formed at various stages of the oxidation at different temperature is done in comparison with the simulations. Fig. 3 shows the proxigrams plotted, indicating the concentration of various suboxide species, particularly at the different regions identified in Fig. 2 . The various suboxide species detected through APT such as SiO, Si 2 O, and SiO 2 correspond to their respective valence states of silicon such as Si þ , Si 2þ , and Si 4þ . It was observed that the interfacial region marked as region II consists of a greater amount of suboxide species (clearly seen from the bar charts of Figs. 3(c) and 3(d) ) which is in agreement with the simulation results. We do see the presence of some of these suboxides even in the silicon oxide region III, which can be related to possible presence of overcoordinated and under-coordinated Si atoms that were assumed to be found in this region as per simulations. 11 Also, it was reported that the observed silica region can be divided into surface and bulk regions. 36 In the present case, we refer to a surface silica region and a bulk silica region.
Further agreement of the effect of temperature on growth mechanisms in comparison with ReaxFF simulation results is clearly shown in Fig. 4 . Quantitative details of atomic scale intermixing at Si/O interface can be seen from This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
(a) atom probe concentration profiles; and (b) verification that the findings are consistent with simulations. Two profiles are shown: one for an experiment at $300 K (left) and another at $500 K. The trends of SiO 2 and SiOx (representing the total detected sub-oxide species including SiO and Si 2 O) that are detected at both temperatures qualitatively agree with the trend observed from simulations. At the lower temperature, the relative concentrations and penetration depths of the two oxides (highlighted by green and red arrows) are qualitatively same from the oxide/gas surface, as shown in Fig.  4(a) . At the higher temperature, the relative concentration (highlighted by the black arrow) and penetration depth of sub-oxide are significantly higher than that of SiO 2 .
From Fig. 4(b) , it is clearly seen that similar oxides and sub-oxides are detected by the simulation studies at both temperatures in agreement with the experimental observations. The increase of suboxide (SiOx) concentration relative to SiO 2 and increased oxygen ingress seen by increased penetration depth of suboxides at increasing temperature qualitatively agrees well with the experimental observations. The experimental results at higher temperature agree with the value being greater than the threshold (>500 K).
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For more clarity, the increased concentration of suboxides (highlighted by the black arrow) and the increased penetration depth of suboxides (highlighted by green and red arrows) than SiO 2 at higher temperature in experimental results and simulations are shown in Figs. 4(a) and 4(b) , respectively.
This work provides experimental insight into the atomic scale characterization of the transitional layer of suboxides and oxides of oxidized silicon substrate. Various oxide species including different suboxides and intermixing at the interfaces were analyzed as a function of oxidation temperature. From the results, we find that at higher temperature there is an increase of suboxide (SiOx) concentration relative to SiO 2 and increased oxygen ingress compared to lower temperatures. The increase of the oxygen ingress is clearly seen from the concentration profiles with increased interfacial width. Despite the difference in time scales of the experiments and simulations, there is a qualitative agreement between the atomistic-scale ReaxFF simulation results and atom probe results. This work demonstrates the direct comparison between atom probe derived chemical imaging and profiles with atomistic-scale simulations based profiles. From the methodology perspective, the agreement between the experimental characterization and molecular dynamics simulations lays the foundation for using this approach of combining APT with atomic simulations to interpret fundamental interfacial mechanisms of materials behavior. 
